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NATICNAL GAS TURBINE ESTABLISHMENT

The component pressure losses in combustion chambers
- by -

H. A. Knight and R, B, Walker

SUMMARY

This Report summarises the available knowledge of the component
losses in a combustion chamber, The information given in this Report should
enable the pressure drops through swirlers, primary baffles, cooling systems,
etc., to be calculated. Most of the data were abstracted and collected
from the verious reports listed in the bibliography. In certain cases (e.g.
mixing losses) the information is incomplete and in these circumstances the
limited experimentel results available are supplemented by hypotheses which
require proof. A specimen calculation of the pressure drop and air flow
distribution of a typical chamber is given in appendix II. ‘'‘he calculated

and measured values of pressure drop (cold) agreed within 4 per cent.
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1.0 Introduotion

Effective oombustion chamber design and development requires a know-
ledge of the air flow distribution throughout the chamber, 8Sinoce the air
flows through the chamber in two or three principel paths, arrenged in
parallel, the loss of total pressure in each path must be the same, Thus
the division of air between the various paths will be determined by their
relative resistances. This resistance to flow in each path is the summation
¢f the individucl oomponent losses. For example, the primary cirouit resis-
tance comprises the swirler loss, diffusion loss, combustion loss, eto.
Hence to obtain the air distribution in a given chamber the component loases
must be calouleble from design dimensions, and & method of combining the
circuit ‘f‘esistanoes available, Suohza method was developed by Probert and
Kielland' and subsequently simplified® by dispensing with the "step~by-step"
system of calculation. However, no comprehensive report on oomponent loases
has yet appeared although a note for disoussion was published’, The present
Report supplies the hitherto missing data much of which wes obtained from
unpublished work at N.G.T.E. In ocases where the information is incomplete
the available datae are supplemented by hypotheses which require proof.

In the Report each component is considered in detail and the method
of obtaining the overall loss and air distribution added for completeness.
Appendix II gives-a specimen cealculation for a oconventional chamber,

2.0 Swirlers

Flow conditions at outlet from a swirler vary along the blade span
to satisfy radial equilibrium as shown in Appendix III., Thus, free vortex
blading gives a constant axial velocity oomponent while the whirl velooity
varies inversely as the radius, Other forms of bleding each have their own
particular characteristics. Although true mean values of the velocity oom-
ponents should be used for pressure loss celculations, negligible error is
involved and the tedium of cbtaining these values obviated, by using values
ocourring at the weighted mean radius (rp).

=

" 2+ 1.9 N €))

1
rm"ﬁ(R + Ty

where the synbols have the significance given in Appendix I.

It is possible to study theoretically the effioienoy of swirlers in
turning the air through a given angle by considering the two dimensional
flow of a perfect fluid through & lattioce of plates, This problem has been
studied* and the results applied” to oomnect the engle of deviation (a) with
the pitch-chord ratio (¢) for various angles of stagger (B). In Figure 1

- angle of deviation is plotted againat pitch-chord ratio, The curvea show

that for quite practical pitch-chord ratiocs, i.,e. 0.5 < o < 1,0 the dcvia-
tion angle is almost identical with the stegger. Experimental results agree
with this finding and it is now usual to employ pitoh-chord ratios of about
0.7 for all swirlers required to give a tight swirl (i.e. high values of o
and ). Thus for theoretical caloulations on swirler preasure losses it is
both oonvenient and justifieble to assume that the air is deviated through

the entire stagger angle B.
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24 Pressure drop due to a swirler

By oonaidering in some detail the flow through the swirler and the
resultant motion of the air, an expression for the pressure drop can be
derived.

Conaideration is now given to the outlet flow from the swirler at the
mean redius as defined by Equation (1).

2.11  Whirl velocity oomponent dissipated and
oonstent static pressure

. Dissipation of the whirl velocity head is the most cbvious assumption
‘ regarding swirler pressure drops., But an assumption must then be made sabout ‘
the static pressure relationship at the swirler outlet (1) and at a plane (2)

aituated downstream in the flame tube., A likely assumption is that the mean

static pressure difference is negligible.

A mere statement of the total pressure loss is obtained by spplying
Berroullis equation, thus

P‘] =P2+1oss o . . LX) (X LX) LX) (2)

with the further assumption of constant static pressure this reduces to i

2 2
loss = P1 - P2='1§H<V1 -v2 ) X .o .o .o X} (5) '
and since

:" V4 = Vg sec a
! Ag .
\ Vo = Vg = (whirl component lost)
! 1 2 2 A 2
! 1 = v - 8) ve X} X3 ve :
i 088 = 5 p Vg { sec a (Ii‘- } (&) ;
' 2
: . (Ap 2, _ 4 : ,
{ .o P= { K) 86C & = .o .o .o .o (5) .
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2,12 Whirl velocity component dissipated and

axial momentum conserved

A more logiocal assumption than constant static pressure ia conserve~
tion of axial momentum., Even this must have certain limitations since the
axial momentum is unevenly distributed across the flame tube diameter and is
negative along the axis due to flow reversal.

The momentum equation is

P1AB-P2AF+(p1;P2)(AF-AS) PAsvaZ{i:-‘;-q} N ()

Ag\ / Ag - A 2
e on ez () (5 v

v () e ()

O )|

2.13 Consideration of most relisble assumption

Of these two views the former has proved to be the more reliable,
Although there is the possibility of some slight pressure recovery by virtue
of the area change it is undoubtedly local and is dissipated by the friotion
in the ensuing recirculation and general combustion turbulence. The comperi-
son is good between measured losses given in Reference 5 and by caloulation
using Equation (12) whioch is Equation (5) plus the blade loss. For typiocal
values of Ap, Ag and a the differencc in loss factor ¢p by using Equations
(5) and (7) rarely exoeeds 5 per cent, the former giving better agreement
with experimental results, Conservation of axial and angular momentum
considerably increases the difference between calculated and experimental

results.
2.14 Blade lossec

In the foregoing analysis the losses are assumed to originate from
the resultant flow conditions of the air after leaving the swirler and no
mention was made of the losses in the swirler itself. These are due to
profile and secondary losses in the blades, The former are losses attri-
buteble to skin frioction and separation, the latter due to three dimension-
al effecta., These losses are approximately of the same megnitude and in the
case of swirlers where the incidence is zero, the principal factors affeot-
ing the overall blade loss are outlet angle, pitoh-chord ratio and blade
passage area, However, sinoe the blade loss represents a very small propor-
tion of the total swirler loss, an average figure of 15 per oent of the
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swirler outlet velocity heead is takens- for the blade loss for values of (a)
in the range 65° < ¢ < 85°, This figure was experimentally determined (see
Reference 6) and is independent of blade form.,

ﬁ For smaller values of (a) and for increased acouracy where such vari-
sbles as blade height and thickness ‘are taken into account, the following
method abstracted from Reference 7 is used.

This method is used for determining the loases in turbine nozzle
gulde vanes and there are obvious limitations when it is applied to swirlers.
Errors are moat likely to be assocciated with the secondary loss coefficient.

Hub ratios (% for turbines are of the order 0.8 vhereas for swirlers they

are about 0,2, Reducing the hub ratio undoubtedly increases the secondary
loss for turbines and will presumably affeot swirlers similarly, although to
a greater degree, However, the deflection angles and flow accelerations are
higher in swirlers and the latter at least will tend to reduce the loss.
These various effeots are allowed for (see Section (b) below), but the over-
all impression is that the method of Reference 8 when applied to swirlers
tends to underestimate the secondary loss. Unfortunately there are not
sufficient swirler tests for an independent estimate of the secondary loss
to be made,

Conditions are considered at the reference radius rp.
Details required (see Appendix I and Figure 2),
M Blade chord - ¢ at reference radius
(2) Blade pitch - s at reference radius
Blade thickness ~ t - at reference radius
2

2
Free swirler area ~Ag = (R =~ ry)

(a)  Profile loss coefficient

From Pigure 3 knowing (a) and the pitch-chord ratio (o) the profile
loss coefficient (Yp) is obtained.

(b) Secondary loss coefficient

For zero incidence and assuming o =

e e e i+ e -

tan a.n='1ztma .e .o ) 3 (8) ;
also Cr/(s/c) = 2 tan a * 008 ap e an (9) ;
The secondary loss for zero‘inoidenoe
2 . ’
Yy = K[CL/(s/c)] [.ooaza./ooasa.n]

N L))

(Ap/Ag)°

The faotor K is a funcotion of —
[+ 5]

CONFIDENTIAL
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2 2
Ag = O(R ~-x5)
At = Apoos o (Ap = swirler outlet aree)

(o)  Total loss coeffioient (Yy)

Yt = Yp + YB .o ve X oo .o .e (11)

If the t/s (thickness/pitch) ratio differs from 0,02 then the total
loass ocoefficient should be corrected by the multiplication factor given in

Figure 5.
2.15 Effect of Reynolds number on blade losses

The Reynolds number for a swirler is defined in the ususl manner
using the blade chord as the scalar length and the outlet absolute velocity,
density and viscosity at the mean radius rp. For all forms of asrodynamio
machine the loss reases with decrease of Reynolds number espeoially in
the range Re < 107, The effect of Reynolds number on profile loss may be
determined approximately from Figure 6 which has relative loss coefficient

Y
(defined as 2 p ) plotted against Re and is for all forms of

Y, at Re = 2 x 1
bledi:%. The secondary losses are assumed to be independent of Reynolds
numbexr®,

2,16 Overall loss coefficient for a swirler

Prom Equation (7) and Section 2,14 the total loss coefficient for the
swirler in terms of the flame tube area Ap.

2

gp = 1.15(%2‘-) sec® o - 1 v ee  ae ee (12)
8
or a little more acourately
. 2
QF = (-A-s-) 89020. {1 + Yt}- 1 .. ) ' ) (13)

2.17 Overall loss coeffiocient for verious
types of swirler
Equations (12) and (13) are quite general equations for oonventional

swirlers end it only remains for one or two general observations to be made
when these formulae are applied to the various types of swirler,

2.18 Conatant blade sngle - curved blades

This type of awirler is frequently used where 'tight' swirls are
required and where the veloocities are relatively high. The blades are ourved
s0 that the upstream edges are parellel to the flow, i.e, zero inocidence,
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Bither Equations (12) or (13) may be used to determine the loss fastor (3p).

2,19 Constant blade angle - straight blades

This type of swirler is very easily manufactured and is representative
of the swirlers used in large industrial type chembers, where the overall
velooities are low, Since the inocidence of the blades is extremely high, the
loss fegtor is also very high, although the flat blades are extremely effec-
tive in deviating the air through the required angle., Soanty evidenoed
suggests that the blede loss is approximately doubled compered with ourved
blades for the same value of (u) where 65°< a < 85°.

Hence loss coefficient for swirler with flat plates is given by

2

op=1.3 (ﬁ%) seczq, -1 ve  ee  ee  ee ee e (14)

Obviously, the more accurate caloulation of Y¢ 1s impossible in thia
instance since the bledes are permanently stalled due to the very high
incidence. _

2,20 Varying blade engle -~ curved blades

In view of the manufacturing diffioulties and the small inorease in
performance over the constent blade angle type, this type of swirler is now
rarely used. The blades are usuelly of free vortex form giving maxdimum whirl
velocity and hence low pressure at the centre. To apply the loass coefficient
formula it is neceasary to ascribe a value to (sec a). As mentioned in
Section 2,0 negligible error is involved by applying values ocourring at the
mean radius (rp). As shown in Appendix III if the blades are of free vortex
form (Vg) is constant and ’

2
2 2 r, 2
sec o =1 + 2 2 tan a‘O
R® + ry
2 2
2r
and % = (ﬁ) (1 + 2 tanza.o) (1 + Yt) -1 .o .o (15)
Ay R2+ r°2

For forced vortex blades (rarely used)

2
seo2 a =1+ i T
2(1'02 ooaeozo,o-Ra)
AF 2 R2 + Ty
gy« |(E) {1+ 2 f 11| -1 . (19)
Ay 2(ry“ cosec® g4 - R
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2,21 Ported swirler (Figure 7)
The development of a combustion chamber having low wall temperatures
resulted in a stebilising baffle embodying this type of swirler. Assuming

no pressure recovery and the static pressure difference between the swirler
outlet and flame tube are negligible, as in Section 2.13;

2 2
loss.=3% p (V4 =V5)

From the velocity triangle of Figure 7

V1 = Va' cosec a

VaL = Va' sin ©
Ag

Vo=V, —

2 & Ap

2
A
e+ loss=%p Vaz{ cosec® 8 cosec” o = (K:) }

2

. A;
. e ¢p = {(KE) coseoze cose02 a.} -1 .. .e .o .o (17)
]

From Equation (17), as the semi-angle of the cone and the air angle
through the ports relative to the tangent at the ports increase, the loss
deocreases, This is to be expected. There are no known experimental results
from which an allowence for blade loss, i.e. air friction at the ports, can
be made.

2.22 Tangential port swirler

This type of swirler was last used on the early types of chamber for
the WZB, W2/500 and W2/700 engines, and may not be used in the same form again.
For the purpose of determining the loss it is reasonable to assume that the
velocity head through the ports is lost.

2

i.e. ¢F=(z-’i) T L)

2,23 Vortex type swirler (Figure 8)

This type of swirler is basiocally a small vortex chamber followed by
a throat and is a comparatively new type. Its ability to 'run full' gives it
an advantege over the conventional swirler. With reference to Figure 8, the
pressure loss oomprises two principel components, Firastly, that due to
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!

producing the whirl velocity at the throat and secondly, the production of
the axial velooity component,

The pressure drop between the tangential entry and the throat is
mainly a frioction drop and assuming the vortex decay law

Total pressure drop AP can be shown to be

AP:&;?{(é)z“-(;?f"}{%q} e e e e 9)

by integrating the equation for static pressure drop in vortex flow:

2
ap Vo
—— .) a——
dar r

\ E_O_Z. 121'! 12n ; . 2
et {(L) (&) HE-}egemm

and also the axial outlet velocity must be produced.

-Hence total pressure drop

2 2n 12n . 2 . 2 2
pec 1 1 . Ay
) @) e e g - ()
2 2 4 n ZPWZ 298' )
also by continuity V. A, = AV, = Ap Vo ve ee e ee ee (20)
1

.-.Ap,"‘:“z (;‘;)%;-(;-1)45){1-(%); e e

()| (2) -G -@) - - -

rowr
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For a free vortex n = 1, but tests on a model oyclone of approximately
18 in. maximum diameter and 6 in, wide heve shown n = 0,95, and that n
deoreases further as the width is reduced. Since for a practical size of
swirler the effeotive Reynolds number is lower and the flow area/wetted area
ratio is greater, n will probably be of the order 0.8. No experimental
results are availsble for confirmation of this value. The angle of swirl at
the throat (w) is given by

i,e, tanw

S €33

It
—~
Tk
N
Pl

Thus a wide latitude is allowed in designing a vortex swirler for a
given value of swirl angle. —

2.3 Swirler followed by a throat

The ccmbination of a swirler followed by a throat ococurs frequently
in chambers containing ceramic liners. This problem was studied 7 and pre-
dicted values for the pressure loss were closely substantiated by experi-
mental results. The prcblem is complicated by the fact that heat addition
occurs at the reference planes downstream from the swirler exit. With
reference to the notational diagram Figure 9

s . . A P

Axial veloocity from swirler _ ﬁ “— . Vp . .. .. e {2)
outlet Ag P

unirl velocity from swirler _ &p °' o . . (25)
outlet i, ¥ oo

The kinetic energy changes between the plane of the swirler outlet
and the ceramic liner throat are based on the assumptiorsthat the axial
velooity component increases in the ratio of the areas and the whirl velocity
in the square root of this ratio, making it a type of free vortex. This
latter assumption implies that the moment of momentum is oonstant on a stream
surface and is described in Reference 5.

A P
Axial velocity at throat = Z; Ve ve e ee e (26)
N ,
A A, P
\hirl velocity at throat = —& « K% %; cVptana .. .. .. (27)
t
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Thus assuming no pressure recovery and the static preasure difference
to be negligible between the throat and the flame tube downstream

1 w2 _ 1oy 2
losa=-2-,.a Vi --2-9 Vp
1 Py [ Ap 2 e
3

zmpt =) (=) - =V ¢ =) v (=) =PV
2" {(p") (As) Ay T m“*( t) F (p">} 2P
1 21’ 2 2 ¥y 2
2 " Ag Ag Ag

the blade loss in the swirler is

Yt{zp(z--;-v}? sec a }.. .o .o (29)

Overall loss factor cbtained by combining Equetions (28) and (29) and
simplifying

2 ;
¢p = (i) (A—?—) -A-E tanzo. + 1}+Yt(ft)—)(fz) seoza. -1
o e e ee (30)

In Equation (30) Yy is determined by the methods given in Seotions 2.1k, 2.15
and 2.19.

In the design or project stage, it is diffioult to ascribe values to
P" i.e, the density at the throat, However, the density relationship through-
out the primery zone may be written:-

1 1 1 1
e am] = G| - - - .o .o e 0 0 o .o ) X 4 ¢
(P" P) (P' P) (1)
which is based on a temperature reletionship assuming constant static pres- .

sure, G is a faotor (0 < G < 1) depending upon the emount of heat release
between the exit of the swirler and the throat. The value of -}'. = X say,
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oan usually be fixed with a reasonsble accuracy, and Equation (31) reduces
to

1
G(x~-1)+1

p"
< - T & -3

By substituting probable values for G, p" is cbtained. In practioce
it is doubtful if G will exoeed 0.5 and generally 0.25 < G< 0.5. In the
previous analysis ? taking velues of G of 0.25 and 0.5 veried the primary
loss factor some 30 per cent and the overall loas faotor some 7 per ocent.
Thus the value ascribed to G is not really critical in determining the over-
all loss of the chamber,

3.0 Primary stabiliser losses

The fundamental principle of flame stebilisation is to reduce the
local velocity and effect a flow reversal by which fresh mixture is added to
the piloting region to propagate combustion, This is achieved by two dis-
tinot forms of piloting system, viz., gutter and plain baffle type stebilisers,
The former type are used where high velooity conditicns exist i.e. ram jets,
reheat eto,, and although considerable work is being carried out on gutters
few published notes are available. The plain baffle type stebilisers
inocorporating a swirler are used in the majority of aero engine and indus-
triel type chambers,

3.1  Plain baffles

These plain baffles are of varying form although they do preserve
some symmetry in design. To obtain the complete baffle loss the pressure
loss of the various free area shapes (holes, scoops, etc,), which oonstitute
the baffle must be determined. When air flows through these various holes
the issuing free jets are conoidal in shape and hence give rise to a dis-
oharge coefficient. If Cq, and Ap are the overall discharge coefficient and
totel free area of the baffle respectively and the various components have
(f};;e.?l:e.?ft, Ay, A3 eesesssss and discharge coefficients Cd.1’ Cd2’

Ay Cd1 + Ap Cd2 + A3 Cd3 sescscans

then Cag =
A1 + Az + A} eesrvvsens

N 3 ))

Thus any shape or size of baffle can be reduced to the simple case of an
equivalent hole in a flat plate., The necessary experimental velues of dis-
charge coeffiocient are taken from experimental results ocbtained at N.G.T.E,
and will be published!© in collected form shortly. Briefly, the various
baffles were mounted in a test section and the loag of total pressure
measured for & range of velocities. Theoretically 1, the pressure loss is
caloulable providing the free area of the baffle, the oross-sectional aree
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to which the flow expands (in terms of area, since this is asotually a diffu-

sion process) and the discharge coceffioient are known., The former values .
are obtained by actual measurement but the discharge coceffiocient can only be
determined experimentally.

3.2 Variables affeoting the pressure loss of plain baffles

3.21 Effeot of veloocity

The theoretical ourves' ! show that the non-dimensional loss factor
increases with Mach number which for constant static temperature is propor-
tional to the velocity. Pressure loss tests on various baffle shapes have
shown that the loss does in fact inorease with Mach number but at a reduced
rate of inorease to that predioted. It was thought that an inorease in the
discharge coefficient with Mach number might account for the disorepancy and
this has now been substantiated by independent experimenta12. Variation of
(Cq) with vena~contracta Mach number is shown in Figure 10. For most combus-
tion chambers the change of Cq is small, but since the loss is inversely
proportional to Cg its effeot will be significant.

3.22 Effect of area ratio

For a given shape of hole the discharge coefficient increases ini-
tially almost as the square of the area ratio as shown in Figure 11 in which
the relative coeffiocient is plotted against area ratio, This curve is based
on values cbtained from Reference 13 and by experiment and is for sharp
edged circular orifices, The equivalent curve for other shapes of orifice
will be slightly different.

3.23 Effect of hole size

The effect of using baffles containing a similar total area of holes
of different size has not resulted in any definite conclusions being reached,
A large number of small holes would be expeoted to give a higher losa on
acocount of the largerwetted area available for friction, However, experi-
mental results show the converse to be true, i.e. the baffle having a small
nurber of large holes has a 2 per cent higher pressure loss, It should be
appreciated that the experimental error is of this order and also variation
in the diameter of the holes has to be extremely smell to account for this
difference,

3.24 Effect of hole shape

The shape of the hole for a given free area does affect the preasure
loss by variation in the discharge coefflcient, Circular holes have the
lowest discharge coefficient for a given free area, Square orifices have
slightly higher values of C3 and rectangular and elliptical orifices with high
velues of mejor/minor axis ratio higher values atill, Typical minimum velues
i.e. corresponding to infinite area ratio, are given in Table I below,

TABLE I
Type: Circular | Square { Rectangular | Ellipticeal | Elliptiocal
Axis ratio - 1 3:1 2:1 431
Ca 0.60 0.62 0.63 0,62 0.63
Hydreulioc
meen depth 0.282/A | 0.25VA 0.21/4 0.26/A 0.20/A
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The vena-contracta is formed by the inward radial flows on the up
stream face of the baffle aoting on the jet periphery. For a hole in the
ocentre of the baffle these contracting foroes are strongest when aoting
normel to the jet surface, For a circular hole the forces ast normal to the
surface over the entire periphery and produce the greatest contractionm.

Thus oontraotion coefficient (crg inoreases as the hole shapes become "less
oiroular", i.e, elliptical (2:1), square, rectanguler, etc,

(Cy), velooity ocoefficient, represents the ratio of actusl to
theoreticel velocity through the hole and is due to viscosity and boundary
friction. Henoe inoreasing the periphery of a hole for a given oross-
seotional area results in a deorease of (Cy). For holes in thin plates Cy
tends to unity and as periphery variations (as shown in Teble I where
hydraulic mean depth = °"°“p::;;i‘e’:y"1 8re8) ppe small, changes in (Cy) are
negligible, 8Sinoce discharge coefficient = Cq = Cg* Cy changes in Cg will
be the predominating factor. Thus for maximum discharge through a given
area the hole shape should be rectangular with, for example, an axis ratio
of 4:1. However, practical disadvantages such as corner stress concentra-
tions and manufacturing difficulties may outweigh the advantage of the small
inorease in (Ca).

For an annulus around a hemispherical baffle mean values of 0.9 for
the discharge coefficient were obtained,

"Thumbnail® scoops have a discharge coeffiocient olosely approeching
unity.

3.25 Effect of hole arrangement

No general conclusions may be drawn fram the disposition of holes in
a baffle, Various arrangements of holes, for a constant area ratio, lead to
negligible changes in the overall loss factor.

3.26 Effect of hole inclination

To determine the effect of inclination of the plane of the hole to
the air stream a series of cones were tested in whioh the cone angle was
varied but the area ratio and hole arrangement remained the same. When the
holes were placed normal to the airstream minimum loss was chtained, As the
angle between the axes of the Boles and the airstream (8) increased the loss
inoreesed approximately as cos® 6 as shown in Pigure 12, This is to be
expected since the projected area of the holes on a plane normal to the air
flow is direotly proportional to cos 6 and loss is proportional to the square
of the area ratio, Figure 13 shows relative loss defined as

loss faotor at inelination 6
Toas factor at 6 = O (i.e. minimum 1088) plotted against 6. Flaoing the cane

apex upstream or downstream had no measurable effeoct on the loss.

3.27 Effect of turbulenoce

Reference 14 gives deteils of experiments oarried out on a series of
flat plates which illustrate the effect of turbulenoce on drag, Figure 14
shows the variation of pressure drop coefficient (static pressure difference/
free stream velooity head) with percentage turbulenoe, The perventage turxbu-
lence is defined as :

root mean square of speed fluotuation
x 100
average speed
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The turbulence level was varied by placing large wire diameter, large
mesh geugzes upstreem of the test seotion, Conasidering practiocal appliocations,
the change of percentage turbulence is usually small in a given teat set up,
but this feature of dreg inorease with peroentage turbulence is important
when oomparing pressure loss measurements made on an identioal ocomponent on
two dissimiler rigs. However, reference to Figure 14 shows that perventage
turbulence changes will only acoount for small differences in pressure loss.

3.3 Gutter stabilisers

The loss due to gutters is mainly an expansion loss arising fram the
fuel injeotor situated in the high velooity throat and also the diffusion
loss up to the chenber oross-section from the downstream end of the gutter.
For incampressible flow the loss is (M - 1)2 and includes a discharge
coeffiocient for the gutter, For included gutter angles up to 15° the value
of Cgq is sbout unity. For higher angles the Cq decreases fairly rapidly,
probebly following a cosine law, but this is merely a hypothesis which,—
although qualitatively correct, should be confirmed experimentally before
being used indiscriminately., If the throat velocity is greater than
200 f£t./sec. the ourves of Reference 11 should be used to allow for compres-
8ibility in determining the pressure loss,

For hot running the fundamental pressure loss due to heat addition
(see Seotion 6.,0) is added to the cold loss. The result obtained may be high
ocampered with the experimental velue. This is due to the asrodynamic flow
patterm around the gutter being significantly altered by combustion, The
prinoipal effeots of oombustion are to reduce the strength of the reverse
flow (and hence the pressure loss) and to inorease the length and breadth of
the wake. A further contribution to the loss factor is the dissipation of
the upstream component of the fuel momentum when injeoted in the throat, If
the inlet air and fuel temperatures are substantially the same, increase in
fuel flow results in an increase in pressure loss (of the order 3-5 per ocent),
but if the air temperature is high compared with the fuel the pressure loss
tends to decrease, This later phenomenon is due to the reduotion in air
temperature due to fuel veporisation, The presence of the fuel inoreases the
effective blockage at the throat, and since the throat velocity and permenent
blockage are both high, exerts a measurable effeot on the loss., If the
throat section is long friction effects must be taken into account by the
modified "Fanning Equation"

2
M=4£ .lPV

= b3 B & )

for rectangular cor annular oross-sectional areas the equivalent diameter
(d¢) is used, (f) will vary between 0,002 end 0,008 depending on the
Reynolds number as shown in Figure 15.

The effect on pressure loss of using skirted gutters (see Figure 16,
(a) and (b)) as opposed to the conventional type is negligible, although an
improvement in flame stebility may result. The use of "finger™ type flame
spreaders attached to the downstream end of the gutter gives rise to a small
inorease in the loss which is accounted for approximately by the loss due to
flow through the projected free area of the fingers in the plane of the
gutter base as shown in Figure 16(c). This loss will probebly be a little
higher than the more gradual loss ocourring along the fingers, but does give
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a basis for analytiocal determination. Diffusion losses ocan be treated by
the method given in Section 7.1.

From the preceding paragraph it is cbviocus that the pressure loss
pioture is far from oomplete, but oorrelation of the results of meny experi-
ments now in progress will improve the position.

4,0 Coo, losaes

The main types of oocoling device in use at the present time are the
louvre, porous well and boundary layer systems, For a detailed analysis and
desoription of these syatems Reference 15 should be consulted. From the
point of view of pressure loss no new problems sre involved, each system
merely utilising the available pressure difference between the primary and
secondaxry flow paths.

LA Porous wall
This method of cooling is among the more effioient and is amenable to

enalytical treatment, The pressure drop for laminar flow through a porous
material is given by D'Aroy's equation

QL. _ 2 P2 N 1))
P2 -p tk 2ppu

where py and py are the air pressures in lb./ft'..2 on either side of the
porous well and Z is the coefficient of permesbility and has dimensions of
an area, usually square inches. For the small pressure differences aveileble
in cambustion chembers

p12 - p22 a 2 py + Op where AIS = pressure drop

Q.L. Z P
thus ——— LS emmem  we s oo .o S 6
Ap 144 u (36)

However, Z must be determined experimentally in the first instanoce,
and may decrease with operating time due to deposition in the pores.

Typical velues of Z are 1004010710 in?,

4,2 "Louvred" surface occoling

The "louvred" wall is essentially a mode of oconstruction (British
Patent No.642,257 held by "Shell" Refining and Merketing Compeny Limited)
by which the effeative area for heat transfer ls considersbly increased.
The surface to be cooled is oconstructed so that there are meny small
independent passages along which the cooling air may flow radially, finally
emerging to mix with the primary stream. To estimate the preasure drop
asacciated with the flow of air through the passages in the “"louvred wall"
under turbulent flow oconditions, Blazius' Equation is used:-

o NS



0.316 V2 L
AP = "0 25 . ?-—-— —— . oo 'Y oo .s re (37)
Re"* 2 4

for laminar flow oconditions:-

9% PV L
Pol o o .o oo . oo oo o
AP = 2 2 " (38)
The oriterion for turbulent or laminar flow is whether Re is sbove or
below 2,000. In addition the injection loss = 12- p V2 should be added to
either Equation (37) or (38) to give the complete loss,

4.3 Conbination of external ajr flow and localised
air injection cooling

This method requirss the cooling air to flow in an annular sheath in
an upstream axial direction and then to inject it through small holes in the
flame tube into the high temperature side where it forms a blanketing annular
layer. The pressure drop is the sum of the friction drop given by Equations
(37) or (38) and the injection loss which will be due to accelerating the
air up to the required injestion velocity. The latter loss is given by

4 V‘
AP = -;-P (--—9—-) .o ne LK) e LX) LS (39)

where Vy, is the velocity based on total port area and 0.61 is the discharge
coefficient,

The overall loss for this cooling system is

2 2
31
AP=————-O}6 -')—v.—o-l-‘-'+£(——Vh) e .e o se (W)
Re¥*22 2 a, 2\0.61

5.0 Mixing losses

Up to this Section most of the information is camplete and valid for
all types of oombustion chamber but an incomplete knowledge of the mixing
process restricts the application to low speed chambers.

The pressure loss due to mixing is probably the moat diffioult loss
to determine analytically without scme experimental essistance, since it
affeots both the primery and secondaxy streams. The part of the mixing loss
attributable to the secohdary circuit is almost entirely due to expansion
through the mixing holes, The loss associated with the primery oircuit is
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made up of the flow through the effeotive blockage due to the radial "spokes"
of cold air and the subsequent maoro~turbulence,

5.4 Sec mi. losses

As stated in the previous Section the secondary mixing loss is given
approximately by the velocity head through the holes, This requires a
Inowledge of the discharge coefficient, which is subject to & wide variation
depending on hole area, outer duot area and the percentage flow from the

outer duct through the hole, Figure 17 is a ocurve of Cg versus a faator%

where F is the percentage flow from the outer duct and B is the ratio of
hole ares/outer duct area, This curve was taken from Reference 16 and is
the result of water model tests with hole sizes ranging from 0.6 to 1.9 in.

diemeter, It is satisfactory to determine the percentage flow through the
hole on an area besis.

Darling' 7 has also studied this problem using air as the flow medium
and presents his velues of discharge ococeffiocient as a funotion of the

"Approech Velooity Faotor", i.e. -‘-,-1- where V4 is the mean velooity in the

approach channel, and Vg is the mean velocity through the hole. The number
of experimental points taken are less than in Reference 17 and only one
size of hole was used, Darling's results have been plotted on the same
absoissa as the Lucas results in Figure 17. The curves are of similar shape
although the curve for air is some 7 per cent higher. For equal oonditions
of flow the discharge coefficient for air would be higher due to campressi-
bility although by a very small amount., The real difference appears to be
due to the positioning of the static taps on the two separate rigs. For the
water model they are situated in the annulus some 22 in, upstream of the
injection hole axis whereas for the air tests the tap was situated on the
outer annulus wall directly sbove the centre of the hole. The maximum value
of Cq obtained in Reference 17 is higher than anticipated for this type of
discharge. The true values for air are probebly a little higher than the
water results although negligible error will result in applying these
direotly to air celoulations,®

The secondary pressure loss due to mixing will then be given by

2
AP-:lP(-YB) X3 . X [X) (20-1)
2 Cga,

Cq being obtained from Figure 17.

qI'h.'i.a statement is confirmed by en Ameriocan Report "Can Burner Hole Discharge
Coeffioient Investigation" Consclidated Vultee Airoraft Corporation No.6149,
Just received.
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For holes inclined to the direction of flow the discharge ooeffiocient
obtained from Figures 17 should be inoreased by the root of the relative loss

faotar since cdc‘& . For example, if the mixer has a semi-angle of 15°
then with reference to Figure 13, 6 = 75°, and Cg cbtained from Figure 16 is

tiplied by [l:482 |
multipld y [

The preceding statements assume that the hot atream effeots are
negligible. This is probably true for low speed industrial type ohambers
but evidenoe from experiments now in progress suggests that the hot stream
momentum substantially affeots the result and reduces the value of the pres-
sure drop as given by Equation (41).

5.2  Primery mixing losses

Losses in the hot stream from the injeotion plane to the "mixed" plane
are approximately half the velocity head at the plane of injeotion and are
thus very small, For very large or industrial type chambers it oan be
regarded es negligible, This part of the work will be in a much more exact
form when the results of mixing experiments now in progress are available.

6,0 Heat addition losses

If, as is usual, the corbustion oocurs in a parallel duot irmediately
downstream of the primery baffle the "fundsmental® loss of pressure is given
by

AP EP" V1 (-P'; 1 [x] LX) LX) .o (llz)

and if the static pressure difference is small

1 2/ Ty )
AP = — V. —_— - ve se o oo
5 P1 Ve (T1 (422)

In the oase of a varying oross-sectional area in the flame tube, it is
best to oconsider in detail the relative proportions of heat release as in
Seotion 2.3.

7.0 Miscellaneous losses
7.1 Diffusion losses

For verious reasons the reduction of velooity in the compressor
diffuser is often limited and the inlet velocity to the ccnbustion chamber is
frequently greater than 300 ft./sec., the exact velue depending to a
extent on the type of compressor, Typiocel values for the velocity in the
seocndary ennulus are of the order of 150 ft./sec. and it is necessary to
reduce the inlet air velooity to that existing in the seoondary annulus as
efficiently as posaible, The efficiency of a diffuser may be defined by a
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faotor (e) which gives the efficienoy of conversion of velooity head to
static pressure

* P 2 2
. o PZ'P1=°2—8(V1 -vz) . e cn. (‘0-5)

é
§
{
f

. o total pressure loss P; - P, = (1 - e) £E (v12 - v22) ve oo ()

AR R A 0
——

... loss faoter & = (1 - e){1 - (ﬁ)z} oo os (45)

Rty

Values of (e) have been taken from Reference 18 which agree with
" experimental results given in Reference 19 and age plotted in Pigure 18
against total diffuser angle 6. A reocent report” has shown that assym-
metry of the inlet velocity distribution has a marked effect on diffuser
. effioiency espeoially for large diffuser angles, A low velooity region near
the wall is equally undesirable.

7.2  Losses due to bends

‘ Although not explicitly a component of the combustion chember, bend
; entries and exits for combustion chanbers are relatively oommon and their

! ' loss is frequently included in the overall chambexr loss figure. Aocurate

; data for the losses in bends is given in Reference 21, but in generel terms
N it can be stated that, for a bend without diffusion and with a direotional

' ohange not exceeding 90°, and having a mean redius not less than 1.5 times
the duot diameter or passage width, the pressure loas will not exceed half
the veloocity head. The loas round a sharp bend can be reduced by imparting
an aooelerstion to the air.

Casoade bends are now universally employed in gas turbine systems by
virtue of their efficiency both in terms of pressure drop and their sbility
to turn the air through a desired esngle. Reference 22 gives the deaign
details and procedure for constructing ‘a bend in which the blades are spaced
in an arithmetio progression from the inside radius., The pressurs loss
associated with such a bend is affected by size and menufacturing veriations
(eapecially internal finish) but a loss figure of 25 per ocent of the velocity
head through the bend is suffioiently acourate for most purposes,

7.3 Losses due to ooggg. ated spacers

This form of construction is now used frequent].y as a mechaniocal
spacer for skin coaling of combustion ghanber walls, The discharge coeffi-
olent of this spacer wes :i.nvestigate a water model and found to be
0.8 when based on the drawing dimensions and 0.9 in terms of the actual
measured arees, The variation in drawing and measured dimensions is due to
ménufacturing diffioculties principelly in the welding operation. For design
purposes the estimated area of the seotion is used for which Cg equals 0.8.
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74 Friotion loases

In the majority of chambers the friction losses are usually negligible
oampared with the individusl component losses but in a few isolated ocases
there are long seotions where friotional affeots are measureble.

The pressure drop is given by the modified "Fanning Equation"
4 (ap) | L £.1 v2 . (3%)
az p"2°f

f being obtained fram Figure 15.

For irregular shaped duots and annuli the hydraulic mean dismeter de
is used for D.

i.e, D=h-%

8.0 Overall chamber loss

Having oonsidered in some detail the pressure losses caused by the
verious components of the chamber, it is now necessary to see how they may
be linked to give a value of the loss coeffiocient for a particular flow path.
For conseoutive losses in a flow path the overall loss coefficient is merely
the arithmetic sum of the J.nd.lv:.du&l loss factors provided they are expressed
in terms of the same reference velocity head. F'or losses occwrring in paral-
lel circuits the method of Probert and Kielland! is used., A loss ocoefficient
is applied to each flow path such that the total head loss in the stream is
equal to the loss coefficient times the velocity head at some reference area,
On the further assumption that the statio pressures are equel in both streams
at divergence and confluence an expression for the overall loss factor is
obtained. While this method proves satisfactory for the simpler types of
chamber a considerable amount of calculation is required if there are more
than two general flow paths, Also, because of the "step-by-step" method of
caloulation, if the loss factor of one of the components is changed a camplete
recaloulation is necessary.

Reference 2 is based on the same principles and assumptions as stated
above but as shown in Appendix II reduces the complexity and quantity of
caloulation,

If gx = pressure loss factor of a
cirouit in terms of velooity
head at area x

and gy = same loss in terms of velooity
head at area y

then %-(f) ve e e ee  ee  ee (bé)
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and in the event of a density change

%g(é)(g) N (% )

Thus by applying this relation it is possible to express all indivie
dual loss faotors in terms of the velooity heads, due to each flow, at the
same oross-sectional area, This reference area is purely arbitrary and cen

f be the chamber entry area, flame tube area or casing area,

3

¥ Since the total head drop of any flow cirouit in the chamber must be

{ the same

1

}

g #1 q.1 =¢2 q'2=¢5 q.3=§0q.0 LX) o0 X} 'Y (w)

&

i

g where qq, G ..... etc, are the velooity heads due to the individual flows

{ in the reference area, and £, £ ..... 6tc. are the loss faotors expressed

£ in terms of the wvelooity heaA at the reference area by means of Equation

b (7). .

: But q « W sinoe p is assumed constant at the reference area for all
flows

% . . ® W1 51 = W2 "2 = W}f;; etc. . .o . .o (10-9)
and the overall loss factor by |
2 2
i () ()
- w - ' . LX) LR ) L) [ X

also aince the sum of the percentage flows through each cirouit must equal
the total flow

w=1w=w1 *WZ*Wj eto. X (X o (X (51)

thus any required circuit flow say Wy is given by:

o — T —

‘ W1=100-712--W3
3 c1a0 v () - (;1;)*
Wy = e ee  ss  ee (52)

100

3 4
1 -o-(%) -o-(?;)
assuning there is a total of three oircuits.
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9.0 Conolusions

By means of the analysis of component pressure losses in this Report
it should be possible to make a reasonebly acourate theoretiocal caloulation
of the ocold alr flow distribution and overall lcss factor of a combustion
' chanber. Certain limitations in our knowledge of campressible flow chareoc-
teristics especially mixing of ges streams, imposes a restriction on the
agouracy for high veloocity chambers. This ocontingency will be cbviated by
experimentel work now in hand. The comparison between calculated and
messured pressure drop for a typioal combustion chember as shown in Appen-
dix II is good, The percentage difference may be fortuitous but the prospects
of ocaloulating the cold pressure drop of a chamber from the design drewing
with an accuracy of * 5 per cent seems favourable, Assuming the mixing
experiments improve the 'hot' pressure loss caloulations, the method can
probebly be further refined by oompering calculated and measured results J
from a variety of chambersa,

-
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APPROIX T
‘ Symbols
i
Z A . = Cross-sectional area - ft.2
v B = Ratio outl;:]%i%e:rea (see Pigure 17) dimensionless
c = Constant for vortex decay law
c = Blade chord
Cs = Discharge coefficient dimensionleas
CL = Lift ooefficient (see Equations 9 and 10) dimensionless
D = Outer diameter - £t.
a ] Inner diameter - ft.
de = Equivalent diameter = 4 x cross;:::-:l'::::l Sro8  _ f4.
e = Diffuser efficiency dimensionless
P a Percentage flow from outer duct (see Figure 17) dimensicnless
£ = Friotion factor (see Equation 34) dimensionless
G = Heat release faotor (see Equation 31) dimensionless
H = Total energy per unit mess - £t.2 ge0.”?
K = Secondary loss faotor (see Equation 10) dimensionless
. L, ¢ = Length - £t,
‘ M = Mach number dimensionless
M, = Mach nunber at vena~contracta dimensicnless
% m = Area ratio = -g—:- o dimensionless
3
i n = Index in vortex decay law dimensionless
g P = Total pressure - 1b, £t .-2
P "= Static pressure - b, ft.-a
" AP = Total pressure loss - 1b, f't'..-'2
Ap = Statioc pressure loss - 1b. f’b.-z
Q = Mass flow per unit ococled surface area ;oc %‘&..—2
R,r = Radii - f$.
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Reynolds number
Perimeter

Pitoh

Blade thickness
Absolute velocity
Velooity through hole
Whirl velooity

Weight flow

Area

Profile loas coefficient
Secondaxy loss coefficient
Total loss coefficient

Area

Coeffioient of permesbility (see Equation 36)

Outlet air angle

Blade outlet angle

Ratio of specific heats

Baffle semi-cone angle

Effective area ratio

Viscosity

Density

Flame tube density (see Figure 9)
Throat density (see Figure 9)

Pitoh chord ratio = g.

Py - Py

Loss coefficient = ———z
TPV

Report No. R.143

dimensionleas
- ft,

- £t.

- £t. seoc.
- £t, seo,”
- 1b, £3%0.
- f‘t.2
dimensionleas
dimensionless
dimersionless
- £t.2
- im,
dimensionicss
dimensioniess
dimensionless
dimeusionlesse

dimenaionless

- slugs.
£t.” seo.'1

- slugs.ft.™

- slugs.ft.™>

- sluge.rt.2
dimensa :;r;J.eas

dimensionless

Swirl angle for vortex swirler (see Section 2,26)dimensiaonless
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Suffices

Known condition usually inner radius

Entry or initial

condition

Outlet or final condition

Pertaining to flame tube

Pertaining to mean redius

Pertaining to swirler or secondary

Throat condition

Repoxt No. R,143
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APPENDIX II

Air flow distribution and overall loss faotor
for a conventional chamber

(Rolls Royce R.M.60 Model)

As can be seen from Figure 19 the air flow is divided into eight
separate flow circuits. Each individual loss factor will be expressed in
terms of the velocity head pertaining to the overall chember oroas-sectional

= |

To determine the "hot"™ distribution case at a given temperature ratio
the 00ld distribution is used to ocaloulate the primary combustion zone
temperature, Strictly, & method of sucocessive approximation should be used
to allow for amell redistributions of air flow but the magnitude of the
errors involved and the general acouracy of the method as a whole do not
warrant it. '

Calculation of individual loss faoctors

1) Expansion ratio through primery orifice

Tzfg'l = 3.47 i.e.m= 0,312

-t

From Pigure 11

0.6 x 1.058 = 0,635

[

Cq

The effect of the shoulder will certainly reduce the discharge and a

Cq of 0.6 is used.
Loss through crifice = (A - 1) = (%_%1 - 1) = 22,

¢

|
2
I{- In terms of reference g = 22,8 x (2252) = 3,990

Considering the swirler

Q= 5‘*0 AE‘ = 21 .3 in.2 AB = 2.6 inoz

By Equation (12)

2
21 .5) 1

N -1
o ”5( 2.6/ (0.5678)2

- 222
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2
In terms of reference area @ = 222 x (é?—'-%)

e m A i ol st

725

The overall loss for the two resistances in series is the algebraic sum of
the loss factors (when expressed in terms of the same area).

. « Loss through No.1 Cirouit = g4 = 4,715

(2) Loss through oorrugated spacer
Free area = 1,07 in.

2
Expanded area = 2,43 in.

M from Section 7.30 Cg = 0.8
2.43 2 38,5 2
i 2 | ——es = ] EAALA =
Loss in terms of reference area (1 o7 %08 ) (2.1‘5) 850 ‘

'Expansion' loss after spacer in terms of reference are
21.3 2 (8.5\
= {(z.as) l 1} (21.3) =11

Losa through No.2 Circuit = ;52 = 1,047

(3) Loss through primary holes

Firstly, the Cg of the holes must be estimated by the method outlined
in Seotion 5.10 and Figure 17.

i P is determined on an area basis only

F= 100 x 1.39
1.39 + 048 + 0,55 + 3.49 + 1.99 + 3.49

5 = 39 = 12,2 per cent

T 11.39
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2

3 B = = 0.08
ﬁ 16.6 i
E = 12.2 = 1“_6
B 0.0837
From Figure 17 Cq = 0,582
2 2
Loss in terms of reference area = (——-Z—Li-— - 1) (-&2) .
1.39 x 0.582 1.3 :

%2 = 2,090

(&)  Loss through first row of cooling holes

P= 100 x 0.48 = 4,80 per cent
10.0

B= 248 _ 0 0
16.6

F l".80

-2 —m—— = 166

B 0.0289

From Figure 17 C3 = 0.595
Since these holes are inclined at an angle of 17° the discharge

ooeffioient is inoreased (aee Section 5,10 and Figure 13).

1.482
=0, = .60
Cq = 0.595 x f = 0.603

It is assumed thet the air entering these holes forms an annuler aheath
which does not subatantielly inorease in thickness as it flows downstream.

2 2
23.8 - 21.3 ) (38.5)
loss factor g, = (<222 €l _ 4\ (382) _ 43800
A (0.603 x 0.48 2.5 %
¢! = 13,800

CONP'IDENTIAL “
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(5)  Loss through second set of cooling holes

F= 1_0_9515_5_02_-5_5_ = 5.78 per cent
B= 232 = 0,03
1.1
F_. 3598 . s
From Figure 17 Cq = 0.585

Since holes are inclined at 20°, from Figure 13 Cq is inoreased

- [1u82 _
Cd 00585 X —-—-1 .l‘_26 = 0'596

assuming the air forms an annular sheath as before

2 2
- (266 - 23.8 _ 1) (2;2) -
’65 (0.596 x 0.55 2.8 10,700
ﬂ‘E = 10,700

(6) Loss through first row of mixing holes

_ 100 x 3.49

= 38, er oent
8.975 ? per oen

p. 3:49

0.
11.3 503

38.9
0.309

126

F.
B

- o From Figure 17C3 = 0.564

-
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2
Mixing loss = -1- P (YE)
2 Ca

it

. 2 2
.. 4 ....1...) (?ﬁ.?.) = 38
6 (o.seu 3.49 383

$¢ = 383

H

(7N Loss through third set of cooling holes

_100 x 1.99 _ 199

= = = 36, t
F = TI95 + 349~ 5B - 20+ peroen
B = 1.9 . 0.176
1.3
. F_ %3 . 206
.. B 0.176
..- Cd = l 0.608

Since inclination is 20° Cg is further increased. From Figure 13

’ 1.482
. o Caq = 0. ———— = 0,62
a 608 x /1 XY

By Equation (41) the loss factor in terms of the hole

2
= (1) 2
area = (0.2) = 2.6
: 8.5\
e o #7— 206 (1 .99) = 97&'
= 974
CONFIDENTIAL
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Equation (41) wes used as it is very difficult to decide to which effective
area the injected air eventually "expands",

(8) Loas through final mixing holes

Cold air distribution

F = 100 per cent

B = 2'—1"—9- =
8.3
F - 100
B 0.
Ca
1
Ay = (0.61
£y = 321
By = &T15
fo = 1,047
B3 = 2,090
ﬁ# = 13,800
fs = 10,700
£g = 383
b= 9
IJB = 327

Vi, = 6.7
Véy= 324
V5= u5.7
VA, = 117.6
v f5 = 107.0
Vg = 19.6
Vi, = 3.2
¢,68 = 18.1
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’: By Equation (51)

W, =
1 1+.6_8.!1+.6_§.'1+_§§J+_§M+-6-8-?l+i8:1+§_8_'1

. 100 Y ]
T 14 2,12 + 1,50 + 0.58 + 0.64 + 3.51 + 2,20 + 3,80 15.35 : f I
Wy = 6.5 per oent
100
.Wz"-2 ! 2.4
20 + 1 + 2- + 2. 2.
68.7 45.7 107 0 19. 1 A
100 100

T 047 + 1+ 0.1 % 0,27 % 0,30 + 1,65 + 1,04 + 1.79 _ 7.23

L T U

Wo = 13.8 per cent

100

TU5T L M5l 4 1 4 k5l 4 BBl , kBT, m k5.7
68.7 32.4 117.6 107.0 19.6 3.2 18.1

N 100 - 100
0.66 + 1.2 4+ 1 4+ 0,39 + 0.43 + 2,34 + 1.47 + 2,53 10,2 1

Wy = 9.8 per cent |

100

Y TI76 1108 » 108 4 7 2 1.6 5 1118 T8, TILE
68.7 32,4 45.7 107 19.6 .2 18,1
100 100

171+363+257+1+110+6.00-0577+650 26,28

W, = 3.8 per cent




Y
.
!
¢

§
¢
£
H

- N
CONPIDENTIAL
-39 - Report No. R.143
APPENDIX II (Cont'd.)
W = 190
> 07,107 , 101, 107 4,107 , 107,107
68.7 324 45.7 117.6 19.6 31,2 18.1
100 100

1.56 + 3.30 + 2,34 + 0,91 + 1 + 5.42 + 3.43 + 5.90  25.86

Wg = 4.2 per cent

100
W, =
67 19.6 ,19.6 , 19.6 , 1946 , 19.6 , 4 , 19.6 , 19.6
68.7 32.4 45,7 117.6 107 3.2 18,1
- 100 _ 100
0.28 + 0.60 + 043 + 0,17 + 0.18 + 1 + 0.63 + 1,08 4.37
W¢ = 22.8 per cent
. 100
T N2 M2 N2, N2, N2 N2, 4, 3.2
68.7 324 45.7 117.6 107.0 19.6 18.1
_ 100 _ 100
045 + 0,96 + 0.68 + 0,26 + 0,29 + 1,59 + 1 + 1,72 6.95
W7 = 144 per cent
Vg 100

18.1 _ 18,1 18,0 _ 18,1 . 18,0 18,1 18,1 _,
68.7 324 5.7 117.6 107.0 19.6 3.2

_ 100 - 100
T 0026 + 0,56 + 040 + 0,15 + 0,17 + 0,92 + 0,58 + 1 4.04

Wg = 2.7 per cent

Cheok: -~ 6.5+ 138 + 9.8 + 3.8 ¢ 4,2 + 22,8 + 14le + 24,7 = 100 per oent
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Overall cold loss faotor by Equation (50)

2 2
W1 605
¢ =4, (22 =4715(_) = 19,9
A (w) > \100

= 19.9 in terms of reference velooity heads

2
v, 13.8
Cheok: - 8 =4, (.v.’..) = 1,047 (T&T) =19.9

The measured value of the cold pressure loss faotor was 20,7 an error
of eébout 4 per cent.

Hot pressure loas

To determine the effect of heat addition it is necessary to arrive at
a value for the primary temperature,

Using the previously determined air flow distribution and assuming
oirguits 1, 2 and 3 oonstitute the primary air flow.
Percentage primary air = 6,5 + 13.8 + 9.8 = 30.1 per oent

Neglecting speoific heat variation and assuming:-

Inlet temperature = 200%.

Outlet temperature = 700°C,

It T1 is the primary sbsolute temperature

thm }0 '1 T1 +* 69 09 0“75 = 1 00 0975
* T = 97,3(” - 33)“ = 6‘0-1300
" ! 304 30.1
= 2,130%.

By Bquation (428)

Heat sddition loss faotor = (.?.1_1.52 - 1)
473

CONFIDENTIAL
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and in terms of reference area

2
= (.____1'657)<___38'5) = 41.
473 21.3

(50) Overall primery loss factor excluding combustion loss is by Equation
50

2

2
6 = q,(____.w____.) =19.9 x (100 ) - 19‘92 = 220
W+ W + W3 30.1 0.301

New primary loss factor including combustion loss will be 220 + 11.4
= 231 .4,

Assuming the secondary loss factor remains constant

19.9

é = = b‘ooe
8~ (0.699)°

o o the new distribution is

QP ’231.4 = QSJL_O.—B_

. . percentage through primary

100

i

= 29.5 per cent
231,
40.8

=

1 +

Thus heat addition has reduced the primary total flow by 30.1 - 29.5
= 0.6 per cent.

2
The new hot loss faotor = 231.4 (0.295) = 20.2

The measured hot loss factor for the assumed temperature rise was
25, an error of about 20 per cent,

%
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Derivation of theoretical whirl and axial velocity distributions

The equation for radial equilibrium in vortex flow is

2
V.

S sem— .o o0 e se (1)

r

©f -
gl &

The total energy unit/mess at any radius r is given by Bernoulli's
equation for a oompressible fluid

V2 V2
Heva JJw Y B . (2)
2 2 ¥ -1 °f

Assuming the expansion to be

i
i

P

PY

constant o X (X oo (3)

and that H is oonstant, we have by differentiating (2) and (3) that

av, av, 1
Vg ==t Vy—+= £=0
dr dr P 4
‘ and using (1)
% 2
av dv. V.
a W
t il irnh i e e e W
|
t-
| the general vortex law is
! ) Vwrn =C (X} (X [ X) e (5)
v
and also tBBO:H—w X e X o (6)
v&
by (5) and (6)
Vatana.rn=0 . oo oo .o (7)
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By differentiation

av, - da
tana.rn-aﬁ'wvao 't;aru:t.nrn1 + Vo -rnseoza.-—=0
r
1 1 av
whenoe 9—“:-—sin 20.(— -—3‘4-2) e ee  ee  es (8)
ar 2 Vo 4 T
differentiating (6)
av, dv, 2 da
—_=--1:ancx.+Vaseo Q —
ar & ar
. av, av da
.. Vy -l’-'-:Va-—-a-tanza,+Va2 seo’ o tan — .. .. (9)
dr dr
2
. do. av, Vo
Substituting for ?i; in (9) and then substituting for Vi -;- and ——
r
in (4) finally gives
av, -
Va—2+ (1 - n) Czr(2n+1) =0
ar

Integrating, using subsoript 'o' to refer to conditions at the inner
radius for convenience

2 2 2 (1 - n) [ 1 1
V = V + C re——— - 1] .o .o (10)
& a‘O n ﬁ ro
Free vortex blaeding
For free vortex flow n=1

+ « from Equation (10) Vo Vao = constent

CONFIDENTIAL
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t
{
'

and by Equation (7)
ta.na,=g- where J=oonstant.—.-c—
i v%
. 2 02
now ' sec am=1+
r2V2
m a
%
2 2
now the weighted mean radius = rp=y (R +rg) ’
. 2r, tan a
P sec qnm—-1 + g 2 2 .o .o . oo .o (11)
. R® + vy |

Poreed vortex blading

For forced vortex flow na= .1 _
. 2 2 2 2 2 .
. «+ from Equation (10) Vo = Va, -2C (r -1xry) P
Cr
and tan a = -
,ﬁaoz -2¢% (x° - roz)
o.o tan Gm = rm
roz 2
2—— -2 (rm - ro )
tan™ aq
2
- secza.-1+ (B +%)
; : m - roe 2 2
| 2{ ; = (R - ro )}
’ tan® a,
|
2 2 2
. (R® + ;%) tan® a )
=1+
2 2. 2 2
Z{ro sec” o, - R ten °'o}
2
(R + ro) M
=1 +{ }
2 (ro2 cosea? o - 122)
s e e e .0 .0 (12)
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RELATIVE DISCHARGE COEFFICIENT
VERSUS AREA RATIO.
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GUTTER NOTATION.
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